The [IHF]fluorodeoxyglucose (FDG) scan method with positron emission computed tomography was used to determine patterns of local cere bral glucose utilization (LCMRg1u) in 40 normal volunteer subjects aged 18 to 78 years. Throughout all the studies. each subject was quiet, without movement, with eyes open and ears unplugged, exposed only to ambient room light and sound. For the entire group, whole brain mean CMRglu was 26.1 ± 6. I /Lmol 100 g-l min-1 (mean ± SD, n = 40). At age 78, mean CMRglu was, on the average, 26% less than at age 18, an alteration of the same order as the variance among subjects at any age. The gradual decline of mean CMRglu with advancing age occurred at a faster rate than was reported for mean cerebral oxygen utilization, possibly due to increasingly altered pathways for glucose utilization, or to increasing oxidation of ketone bodies or other alternative substrates. Glucose utilization in the hemispheres was symmetrical and mean CMRglU of overall cortex, caudate, and thalamus was equal in individuals at all ages. The slopes of decline with age were similar when LCM Rglu was averaged over zones corresponding to centrum semiovale, caudate, putamen, and fron tal, temporal, parietal, occipital, and primary visual cortex. However, the met abolic ratio of superior frontal cortex to superior parietal cortex declined with age, possibly due to selective degeneration of superior frontal cortex or to differences between age groups in the sensory and cognitive response to the study. These results should be useful in distinguishing age from disease effects when the FDG scan method is used.
koloff et aI., 1977) used in animals, but emission computed tomography is substituted for the au toradiography. After intravenous injection, FDG enters the brain, is phosphorylated by brain hexokinase, and the metabolic product, FDG-6-P0 4 , remains fixed with only slow dephosphoryla tion. The time course of specific activity is mea sured in plasma, brain activity is determined by scanning, and with knowledge of predetermined rate constants, an operational equation allows cal culations of LCMRglu that are distributed in a cross-sectional picture (Phelps et aI., 1979; Huang et aI., 1980) .
In applying the FDG method to assess metabolic asymmetries in stroke (Kuhl et aI., 1980a) and epilepsy (Kuhl et aI., 1980b) , and the effect of vari ation in sensory input (Greenberg et aI., 198 1; Maz ziotta et aI., 198 1a; Phelps et aI., 198 1a, b) , each subject might serve as his own control. However, when the method is applied to the study of cerebral degenerative diseases such as Huntington's disease (Kuhl et aI., 198 1) or senile dementia (Ferris et aI., 1980; Benson et aI., 198 1) , comparisons to normal are necessary to distinguish alterations in patterns and values of glucose utilization due to normal aging from those due to disease. Although there are pub lished reports of the normal age-dependent values of local cerebral oxygen utilization (LCMR02) de termined by the 150-steady-state technique using positron emission computed tomography (Frac kowiak et aI., 1980; Lammertsma et aI., 198 1) , there has been a lack of corresponding data for LCMRg]u determined by the FDG method.
We found that with increasing age, overall cere bral glucose utilization declines gradually at a faster rate than that reported for oxygen utilization (Lammertsma et aI., 198 1) , and this rate is similar for different parts of the brain, with the possible exception of the superior frontal cortex.
METHODS
We performed FDG scans on 40 volunteer sub jects, 17 males and 23 females, who were healthy, had no evidence of dementia, hypertension, or cerebrovascular disease, and were 18 to 78 years old. Thirty-eight were right-handed and two were left-handed. During the study, each subject was quiet, without movement, with eyes open and ears unplugged, and exposed only to ambient room light and sound.
Fluorine-18 was produced in the UCLA cyclotron and FDG was synthesized by a semi-automated method (Barrio et aI., 198 1) . The usual dose was 10 mCi, given intravenously. Scans were performed with the ECAT II tomograph (ORTEC, Inc., Life Sciences, Oak Ridge, TN) (Phelps et aI., 1978) . The full-width-at-half-maximum measure of spatial res olution was 16 mm within the image plane and 16 mm in the axial direction. Scans were started 40 min after injection. Each scan was 5 -7 min in duration; collecting 1-1.5 million counts per image. At least J Cereb Blood Flow Metabol, Vol. 2, No.2, 1982 six levels were scanned sequentially, parallel to the canthomeatal plane, from upper cerebellum to above the cerebral ventricles. A lumped constant value of 0.42 was used in calculating metabolic rates and the final value was increased by 10% as an at tenuation correction. The precision of LCMRglu es timated in 15 mm x 15 mm regions from mUltiple scans in subjects during one study has been shown to be ± 5% (SD) (Phelps et aI., 1979; Huang et aI., 1980) . Precision of paired studies separated by one to several days has been shown to be ± 15% (SD) in 15 mm x 15 mm regions (Phelps et aI., 198 1b) . De tails of the FDG method are contained in previous publications (Phelps et aI., 1979; Huang et aI., 1980; Kuhl et aI., 1980a; Phelps et aI., 198 1h) .
In each image, values of LCMRglu were calcu lated for anatomical zones of gray and white matter using appropriate gray and white matter rate con stants. Values of mean CMRg]u for hemispheres and for whole brain were calculated two ways, with zonal and with global measurements of brain activ ity. With the zonal method, CMRglu was averaged in regions for peak gray matter values and for minimum white matter values, using the respective rate constants for gray and white matter; mean CMRglu was then calculated under the assumption that the gray and white matter volumes were equal. Details may be found in Phelps et aI. (1979) and Huang et aI. (1980) . With the global method, mean CMRglu was calculated directly from activity mea surements of the entire brain image (e.g., within the dotted line in Fig. 1 ) using average rate constants. Zonal, hemispheric, and whole brain averages were then determined for the series of images represent ing different brain levels. Interobserver variation in the global method of measuring hemisphere mean CMRg]u was assessed by paired t test analysis of 30 determinations made by two technicians on the same randomly mixed brain images.
For comparative data on human cerebral oxygen utilization, we used the published results of Lam mertsma et aI. (198 1). These investigators measured CMR02 by the 150-steady-state method for gray matter (insula) and for white matter (centrum semiovale) in 17 normal subjects aged 22 to 74 years. The subjects were in the same sensory state as our subjects, and the same model of positron tomograph was used. From these data, we calcu lated mean CMR02 for whole brain, assuming that the local values were representative of overall ones and that the gray and white matter were present in equal volumes. Glucose utilization was calculated for regions including whole brain (dotted line), hemispheres, and zones correspond ing to white matter, cortex, caudate, and thalamus. Average peak activity values were used for gray matter structures and average minimum values for white. The graphs represent measurements of LeMR .lu between the sets of arrows in the scan image.
RESULTS

Mean CMRg\u for Whole Brain
The ratio of mean CMRg\u measured by the zonal method to that measured by the global method was 1.02 ± 0.05 (mean ± SD, n = 35); the methods were equivalent. Interobserver variability in the global method was small; the differences between 30 mea surements of mean CMRg\u by two technicians were insignificant at the p = 0.0 1 level. The mean CMRg\u data from the global method was used in subsequent analyses. No significant difference (p = 0.05) was found between mean CMRg\u values of age-matched males and females, and subject data were not further separated as to sex. Results are listed in Table 1 .
Mean CMRg\u, averaged according to groups of five subjects of nearly the same age, decreased gradually with age ( Fig. 2) . On the average, at age 78 it was 26% less than at age 18, an average alteration of the same order as the variance among subjects at any age. Figure 3 shows a comparison of these CMRg\u results with the CMR02 data of Lammertsma et a1. (198 1) . Oxygen utilization showed little or no de pendence on age, but glucose utilization did. The overall mean CMR02 was 147 ± 15 fLmol 100 g-l min-1 (mean ± SD, n = 16) and the overall mean CMRg\u was 26. 1 ± 6. 1 fLmol 100 g-l min-1 (mean ± SD, n = 40). The average oxygen-to-glucose molar utilization ratio (CMR02/CMRg\u) was 5.36 in sub jects younger than 50 years, 5.92 in subjects older than 50 years, and 5.63 in the overall group.
Regional Glucose Metabolism
There was no difference in glucose utilization between the left and right hemispheres; the ratio of mean CMRg\u in left to that in right hemisphere was 1.008 ± 0.02 1 (mean ± SD, n = 35).
Caudate and thalamic CMRglu were equal at all ages. Glucose utilization was the same in the caudate-thalamus as in averaged cortex (Fig. 4) . The slopes of decline with age were similar to each Units: p,mol 100 g-l min-I (mean ± SD, n = 5). Global brain CMRg1u was measured by averaging activity over the full cross section in each image.
other when LCMRglu was averaged over zones cor responding to centrum semiovale, caudate, puta men, and frontal, temporal, parietal, occipital, and primary visual cortex. The age-dependent relation ship of LCMRglu in overall cortex, caudate putamen, and centrum semiovale is shown in Fig. 5 .
When glucose utilization was averaged over large cortical zones, decline in frontal cortical metabo lism was not significantly different from decline in other cortical zones (Fig. 6 ). However, relative dif ferences were more apparent in images made at a level high on the cerebral convexity, where the ratio of frontal cortex parietal cortex CMRglu (Fig. 7) index of metabolic "hyperfrontality" (lngvar, 1979)] showed age-dependent decline (Fig. 8) . The hyperfrontality ratio varied from a maximum of 1.22 in a 27-year-old subject ( Fig. 7 A) to a minimum of 0.82 in a 75-year-old subject (Fig. 7B ).
DISCUSSION
Mean Glucose Metabolism for Whole Brain
Quantification of local metabolic patterns is the particular advantage of FDG tomography, but be cause of limitations in spatial resolution, the most accurate absolute values are those averaged over whole brain or hemispheres. Our average values for whole brain mean CMRgl U in normal, awake human subjects, 26. 1 ± 6. 1 /Lmol 100 g-l min-1 (mean ± SD, n = 40) are similar to glucose utilization values of 29 ± 6/Lmol 100 g-l min-1 (mean ± SD, n = 39) found by Gottstein et aI. (1963) and 29 ± 8/Lmol 100 g-l min-1 (mean ± SD, n = 59) found by Cohen et a!. (1967) , who used the method of Kety and Schmidt (1948) . The average normal values for whole brain CMR02 calculated from the data of Lammertsma et aI. (198 1), who used positron emis sion computed tomography with the 150-steady state method, were 147 ± 15 /Lmol 100 g-l min-1 (mean ± SD, n = 16). These agree with values of oxygen utilization of 147 ± 18 /Lmol 100 g-l min-1 (mean ± SD, n = 34) found by Kety and Schmidt (1948) and of 135 ± 21 /Lmol 100 g-l min-1 (mean ± SD, n = 9) found by Cohen et aI. (1967) , also using the Kety-Schmidt method. When the Kety-Schmidt method was applied to carefully selected, elderly subjects in a clearly supe rior state of health, no age-dependent decline was found in mean CBF or mean CMR02 (Dastur et aI., 1963; Sokoloff, 1978) . In more average elderly sub jects, some reduction has been found in mean CBF and mean CMR02, which is exaggerated by cerebral disease (e.g., Lassen, 1959; Dastur et a!., 1963; Ob rist, 1978; Sokoloff, 1978; Gottstein and Held, 1979; Naritomi et aI., 1979; Frackowiak et aI., 1980; Melamed et aI., 1980; Lammertsma et aI., 1981) . It has been noted that the decline in mean CMRg\u is more marked than the decline in mean CBF or mean CMR02 (Dastur et aI., 1963; Gottstein et aI., 197 1; Gottstein and Held, 1979) .
Our results using the FDG method (Fig. 3 ) agree with these previous reports. In contrast to oxygen utilization, the decline in cerebral glucose utiliza tion from early to late adulthood is definite, but only of the order of the variance found between indi viduals at any age. The possibility must be consid ered that this age-dependent decline in CMRg\u is an artifact of the FDG method resulting from an invalid use of rate constants in the operational equation, which had been determined for young, normal sub jects (Phelps et aI., 1979; Huang et aI., 1980; Haw kins et aI., 198 1) , but this is unlikely. Wheeler (1981) has found no change with age in the kinetic constant V m (maximum rate of glucose uptake) and Km (Michaelis-Menten constant) in measuring 2deoxyglucose uptake in cortical synaptosomes of rat brain. Also, as noted above, the same CMRg\u decline with age has been found by the Kety Schmidt method, which requires no assumptions concerning rate constants.
U sing the data in Fig. 3 , the average overall oxygen-to-glucose ratio for molar utilization (CMR02/CMRg\u) was 5.63, in good agreement with the average value of 5.54 found by Kety (1957) and 5.6 1 by Gottstein and Held (1979) , who studied a large series of normal human subjects with the Kety-Schmidt method. If all extracted glucose is oxidized in the brain and no alternative substrates are, 6 mol of oxygen would be required to com pletely oxidize 1 mol of glucose and the oxygen! glucose ratio would equal 6. The ratio would be decreased if extracted glucose were either stored or metabolized to compounds other than carbon dioxide and water (Cohen et aI., 1967) and increased if alternative substrates, such as ketone bodies, were oxidized. Oxygen/glucose ratios calculated from Fig. 3 averaged 5.36 for subjects younger than 50 years and 5.92 for those older. This upward trend with advancing age may be due to altered pathways for glucose utilization or to increasing oxidation of ketone bodies or other alternative substrates (Owen et aI., 1967; Gottstein et aI., 197 1; Sokoloff, 1973; Gottstein and Held, 1979 ).
F p B
Regional CMRg lu
We found metabolic symmetry in the left and right hemispheres of our subjects, all of whom were studied in the awake, but quiet, state with eyes and ears open to ambient light and sound. Previously, Mazziotta et ai. (198 1a, 1982a,b) in this laboratory found the same symmetry in FDG scans of quiet subjects with eyes closed and ears open, but under other conditions of sensory stimulation or depriva tion, marked asymmetries appeared. It was evident from these studies that the normal cerebral meta-
Relative excursions of cortical metabolism were most prominent in the more superior frontal cortex, which was imaged in sections through the centrum semiovale. The "hyperfrontality" index was the ratio of CMRglu in superior frontal cortex (F) to average CMRglu in superior parietal cortex (P). Extremes of this ratio were 1.22 in a 27-year-old subject (A) and 0.82 in a 75-year old subject (B). bolic map depends heavily on the condition of sen sory input and even cognitive processing during the FDG study, conditions which must be controlled carefully and characterized if age effects are to be distinguished. Zonal patterns of metabolism are the most im portant yield from the FDG tomographic studies, but quantification of metabolic rates of small tissue volumes is influenced adversely by the limited spa tial resolution of the scanner. The accuracy of de termining LCMRgl U depends on the geometrical re lationships between brain structures, the spatial resolution of the scanner, and the area of measure ment in the final image Maz ziotta et al., 198 1b) . When the volume of a gray matter structure is small compared to its resolution volume, only a fraction of its activity will be deter mined (expressed numerically as the recovery co efficient) and LCMRglu will be underestimated. These effects of resolution also result in overesti mation of white matter LCMRglu• In relating the metabolism of two anatomical zones that differ in shape and size (e.g., the cortex and caudate thalamus), it must be recognized that the compari son will be inaccurate if differences in recovery coefficient are ignored. Although the irregularly folded cerebral cortex could be very thin (2 -5 mm) compared to the spatial resolution of our scanner within the image plane (16 mm), the wide surfaces of cortex were positioned optimally with regard to the axial spatial resolution (16 mm). The net effect was to cause the recovery coefficients for cortex and caudate-thalamus to approach each other (Mazziotta et al., 198 1b) , validating the compari-sons shown in Figs. 4 and 5. Under other conditions of spatial resolution, the bias induced by recovery coefficients could be different: e.g., an improve ment in axial resolution would improve the recov ery coefficient in caudate-thalamus more than in normal cortex and would give the appearance of relatively greater metabolic activity in the deeper nuclei.
In individuals of all ages, we found the same mean CMRglu in overall cortex, caudate, and thalamus ( Figs. 4 and 5 ). There was no selective decline in glucose utilization for any of these struc tures, although evidence of age-dependent selective degeneration has been reported. Using 2deoxyglucose autoradiography of aged rat brain, Smith et al. (1980) found a relatively greater de crease in caudate-putamen glucose utilization. In aged human brain at autopsy, McGeer et al. (1977) found a substantial loss in the substantia nigra and progressive alteration in the dopaminergic pathway projecting from substantia nigra to caudate and putamen. Human neuron cell bodies were found to be decreased with age in the putamen by Bugiani et al. (1978) and in the thalamus by Hempel (1968) . If degenerative processes during human aging cause relative differences in function or metabolism be tween these cortical and subcortical structures, we were unable to demonstrate it by the FDG scan. In contrast to the marked hypometabolism of frontal and parietal association cortex found in FDG scans of patients with Alzheimer's disease (Benson et aI., 198 1) , the zonal patterns of cortical metabolism of our older and younger normal subjects were very similar except for an age-dependent decline in the metabolic ratio of superior frontal cortex to superior parietal cortex (Fig. 8 ). This decline in metabolic "hyperfrontality" may be associated with selective degeneration of the superior frontal cortex of nor mal subjects; Brody (1976) found progressive loss of human neuron cell bodies with increasing age, which was more pronounced in frontal and temporal cortex than elsewhere. On the other hand, the frontal metabolic state may merely have reflected frontal functional activity in our subjects. Ingvar (1979) has suggested that "hyperfrontality" of CBF in the normal conscious resting state reflects a brain active with anticipatory simulation of behavior and subject even to the state of anxiety (Risberg et al., 1977) . Using the FDG method in normal subjects, Mazziotta et al. (l98 1a, 1982a. b) found metabolic "hyperfrontality" was sensitive to the state of sen-sory activation or deprivation. Therefore, the de cline we observed in frontal cortex metabolism could have been caused by selective degeneration or by progressive change with age in the level of anxiety or cognitive response during the FDG study.
